Several new lectlns were isolated and characterized with respect to their composition and sugar binding specificities and their ability to prevent HIV-1 infection.
Introduction
The initial stage in the infection ofT lymphocytes by HIV-1 involves the binding of the viral glycoprotein gp120 to the cell surface receptor CD4 (Dalgleish et al., 1984) although alternative mechanisms may exist in certain cases (Clapham et aI., 1989) . Previous work has suggested that the N-linked glycans of gp120 influence its binding to CD4 (Fennie and Lasky, 1989) . For example, loss of a single glycosylation site at amino acid 400 of gp105, the homologous envelope glycoprotein of HIV-2, greatly reduced the binding to CD4 (Morikawa et al., 1991) . Further evidence for the role of the viral carbohydrate in virus infection has been sought using plant lectins.
Lectins are' carbohydrate-binding proteins of nonimmune origin (Sharon and Lis, 1989) which have been isolated from many diverse sources. Earlier studies have shown that some mannose-binding lectins can inhibit HIV-1 infection. In one report (Lifson et a/., 1986 ) the mannose-binding lectin Concanavalin A (Con A) was found to be the most effective inhibitor of HIV-induced cell fusion and others (Robinson et al., 1987) demonstrated that Can A at 40 J.1g ml-1 completely protected cells from infection by HIV-1 (1118) , whereas the other lectins tested were inactive or only partially protective. Somewhat more effective were the mannose-binding lectins from the coral Gerardia savaglia and from Narcissus pseudonarcissus bulbs which inhibited membrane fusion at around 5 J.1g ml" (Muller et aI., 1988; Weiller et a/., 1990) .
In the present study a number of novel lectins were tested for anti-H IV activity. Consistent with earlier reports the galactose-binding lectins were ineffectual whereas certain mannose-binding lectins were more potent than those previously reported. Advantage was taken of the plethora of novellectins available in this laboratory ( Table  1 ). The leguminous lectins LNA, VRA, ESA, and SSA have been purified for the first time in this paper, while the detailed specificity of some of the others has been previously documented. SMA has a unique affinity for Manu 1~2Manu 1~6Manu1~6 Man (Animashaun and Hughes, 1989) . GNA binds to Manu 1~3Man (Shibuya et a/., 1988) while NPA binds most strongly to u1,6-linked mannotriose (Kaku et a/., 1990) . A Gal(3 1~3GaINAc specific lectin AAA has been purified from breadfruit, A. altilis (Pekelharing and Animashaun, 1989) . The Euphorbieceee edible seed, Tetracarpidium conophorum, from West Africa contains a lectin TeA (Togun et a/., 1988) which binds Gal(3 1~4GlcNAc with high affinity (Sato et al., 1991) . Mannose specific lectins have been described in a few species of Machaerium and Pterocarpus (Casotto et a/., 1984) both from the Dalbergieae tribe of Pepilionaceae but none have been purified. The identificationand purification of three new mannose-binding lectins MBA (M. biovulatum agglutinin), MLA (M. /unatus agglutinin) (Animashaun, 1981) ; SSA (Animashaun, 1983) ; ESA (Animqshaun, 1980) . e Lectin previously purified: GNA (Shibuya et al., 1988) ; BMA (Animashaun and Hughes, 1989) ; OLA (Rao et al., 1976) ; LAA and NLA (Van Damme et el., 1988) ; OBA (Hapner and Robbins, 1979) ; TCA (Togun et el., 1988) ; AAA (Pekelharing and Animashaun, 1989 Although MBA and MLA come from distinctly different plants, they had a similar polypeptide composition with a minor band of 26 K and major polypeptide chains of 14 K and 12 K present in approximately equal proportions. As described previously SMA contains a major polypeptide chain of 16 K (Animashaun and Hughes, 1989) with minor bands of 29 K and 12-14 K. AAA, a non-leguminous lectin, is composed of 18 K and 14 K subunits. VRA had a major subunit of 23 K and some minor polypeptide chains of higher molecular weight. These minor bands were also present when the lectin was purified on p-aminophenyla.-D-mannopyranoside-agarose (unpublished results).
PRA contains a single subunit of 26 K which was stained with Schiff-periodate indicating the presence of carbohydrate. SSA, a galactosyl-binding lectin consisted of a triplet of polypeptide chains ranging from 30 K to 25 K. ESA, like the other Erythrina galactose-binding lectins (Lis et al., 1985) had a glycosylated subunit of 3DK. The mannose-binding lectins LNA, LPA, and DLA had an identical and distinctive pattern on polyacrylamide gel electrophoresis with 6 bands ranging from M r 24 K to 8 K. As their names suggest, these plants may well be varieties of the same species. NLA had a polypeptide chain of M r 13 K which separated into two closely separated bands on some gels (results not shown). Finally, as described previously, the major subunits of TCA, OBA, and LAA were 34K, 29K, and 13K, respectively. Further studies on the structures of the novellectins described here (MBA, MLA, LNA, LPA, DLA, VRA, PRA, SSA, and ESA; Table 1 ) will be published elsewhere. and PRA (P. rohrii agglutinin) is reported here. The Machaerium lectins, MBA and MLA, were found to be the most effective inhibltors of HIV-1 infectivity and syncytium formation reported to date.
Results

Purification and properties of the lectins
The lectins used in this study were prepared from salt extracts of seeds or bulbs by affinity chromatography (Table t) and specific elution with sugar haptens. MBA, MLA and PRA are reported here for the first time and purification procedures have been devised for LNA, VRA, ESA, and SSA. Table 1 indicates the assigned names for these lectins as well as previously described lectins also examined. The purity and subunit composition of the lectins was checked by polyacrylamide gel electrophoresis under reducing conditions (Fig. 1) .
The effect of lectins on HIV-1 infectivity, syncytium formation and cell viability
Seventeen lectins, tested over a hundred-fold concentration range were pre-incubated with HIV-1 (isolate RF) for 30min at room temperature before infection of C8166 
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SMA at 10 J.Lg mr' reduced residual virus infectivity by 750/0 or greater. gp120 Binding to MBA and GNA MBA-and GNA-Sepharose beads were mixed with either infected or uninfected cell Iysates and, after extensive washing of the beads, the bound glycoproteins were eluted in SOS buffer and analysed on polyacrylamide gels. cells. Lectin cytotoxicity was determined in uninfected cells incubated in parallel with the same range of lectin dilutions. AZT (3'-azido-2',3'-dideoxythymidine) was used as a positive control. The cells were examined for various parameters of HIV-infection from 2 days postinfection and the results obtained after 5 days are shown in Table 2 . Similar results were obtained with the 1118 isolate of HIV-1. At moderate concentrations (10 J.LQ ml-1 ) GNA, SMA, OLA, LNA, and LPA blocked virus-induced syncytium formation in agreement with their protective effects measured by decreased virus production and increased infected cell viability. At higher concentrations (100 j.L9 mr') Con A, SMA, MBA, MLA, DLA, LNA, LPA, and VRA reproducibly fused uninfected cells. This observation correlated with a decreased viability of uninfected cells incubated with 100 J.Lg mr' of these particular lectins.
Most of the mannose-binding lectins showed some protective effect at 10 J.Lg mr' as judged by reduction of progeny virus and increased cell viability. The effects ranged from partial protection by PRA, VRA, NLA, LAA, and Con A to complete protection by BMA, DLA, LNA, LPA, MBA, MLA, and GNA. DLA, LNA, and LPA gave very similar results in each experiment which is consistent with their likely structural identity as discussed previously. OBA was not protective at 30 J.L9 rnr', In contrast to the protective effects of mannose-binding lectins, the galactose-binding lectins TeA, SSA, ESA, and AAA did not decrease progeny virus nor increase viability of infected cells between 10 and 100 fLQ rnl". The two lectins MBA and MLA which are described here for the first time and which were fully protective at 1 J.1g rnr' by all three parameters -syncytium formation, progeny virus production, and cell viability were selected for further study along with GNA, a lectin with well-characterized properties.
Using a wider concentration range the ECso's were approximately OJ J.Lg mr' for MBA and MLA and 0.6 f-Lg rnr' for GNA (Fig. 2) . The greater tendency of the former to fuse cells even at 10 J-Lg ml-1 reduced the selectivity index, approximately 50, below that of GNA, which was greater than 200. On the basis of p24 antigen reduction MBA was also the most potent followed by MLA and GNA. They abolished p24 antigen production at 0.4, 2, and 10 f-Lg mr' respectively (Table 3) .
When cells were preinfected for 90 min at room temperature with virus prior to addition of the lectin MBA and MLA gave only partial protection and at rather high concentrations (2 J.Lg mr' or more) (Fig. 3) . In a third protocol, cells were preincubated with lectin (10-50 f-L9 rnr') at room temperature for 30 min, washed and subsequently infected with HIV-1 (1118). Using this scheme none of the lectins afforded any protection. Thus it is apparent that the lectins prevent virus infection by interaction with the virus. This was confirmed by showing that incubation at room temperature of high titre virus (1IIB) with MBA or Concentration of Lectin (~g ml-1 ) Lectin inhibition of HIV infectivity 149 100 A Discussion reactive bands were then located with streptavidin conjugated to alkaline phosphatase. BMA which has a very high affinity for the high mannose structures MangGlcNAc2, Man8GlcNAc2 and Man7GlcNAc2 (Animashaun and Hughes, 1989) bound very strongly to soybean lectin (SBl) which contains almost exclusively MangGIcNAc2 oligosaccharides (Dorland et a/., 1981) and to ribonuclease B which contains MansGIcNAc2 and Man6GlcNAc2 structures predominantly (Liang et el., 1980) but bound relatively weakly to ovalbumin which contains mainly bisected hybrid structures (Narasimhan et a/., 1980) (Fig. 5) . GNA reacted strongly with ribonuclease S which correlates with the finding that GNA-Sepharose binds preferentially to MansGIcNAc2 qlycopeptides (Shibuya et a/., 1988) . LNA also reacted most strongly with ribonuclease B. MBA-on the other hand exhibits a unique binding specificity for hybrid-type oligosaccharide structures on ovalbumin and interacts weakly, if at all, with oligomannosidic structures. Table 3 . Inhibition by the mannose-binding lectins MBA, MLA and GNA of p24 antigen production in HIV-1 infected cells.
The present study investigated the anti-HIV activity of several novellectins including 13 mannose-binding lectins and four galactose-binding lectins. In agreement with other work (Lifson et a/., 1986), we find that galactosebinding lectins are ineffective in inhibiting HIV-1 infection whereas, with the exception of OBA, the mannose-bindinq lectins were inhibitory to varying degrees. Ten micrograms per millilitre of Con A was required to maintain 100 0 / 0 cell viability in the presence of the HIV-1 which is in good agreement with previous reports (Lifson et a/., 1986; Robinson et el., 1987) . Notably MBA and MLA were identified during this study as the most inhibitory lectins and completely protected C8166 cells at 0.4 fJ:tg mr' and 2 J.Lg rnl" respectively against infection by two strains of HIV-1 (Fig. 2 , Table 3 ). Thus MBA is nearly 10 times more potent than the most active lectins described previously, Western blotting and detection by gp120-specific antibodies revealed that both MBA-and GNA-Sepharose bound gp120 (Fig. 4) .
Carbohydrate-binding specificities of inhibitory lectins
Preliminary information on the carbohydrate-binding properties of the novellectins MSA and LNA was obtained using glycoproteins containing oligosaccharides of known structure. As controls SMA and GNA that have well-characterized binding specificities were run simultaneously. The glycoprotein standards were subjected to SDS-PAGE, blotted and reacted with biotinylated lectins. The HIV-1 (IIIB) was preincubated with MBA, MLA or GNA for 30min at room temperature then mixed with C8166 cells to give a final lectin concentration of 0.016-50 J.LQ mr'. After 5 days p24 antigen was measured. 
Reagents
Materials and Experimental procedures
Chemicals and other reagents were obtained from Sigma Chemical Co. (Poole, UK) unless otherwise specified. Cyanogen the lectins studied here appear to fit into this general pattern, except possibly the monocotyledon lectins GNA, NLA, and LAA which appear to have an unprocessed subunit of M, 13 K. Preliminary amino acid. sequencing of BMA, MBA, and MLA confirm these conclusions and indicate substantial homology with Con A (unpublished results). Gp120 is heavily glycosylated with an array of different N-linked oligosaccharide structures (Geyer at el., 1988; Feizi and Larkin, 1990) . Recombinant gp120 has 24 potential glycosylation sites which are all utilized. Thirteen sites contain predominantly complex-type oligosaccharides while 11 possess primarily high-mannose type and/or hybrid type oligosaccharide structures (Leonard et et., 1990) . These authors noted that the less fully processed oligosaccharides, l.e. high mannose and hybrid-type are found preferentially on the most conserved sites. gp120 is shown to bind to both MBA-Sepharose and GNA-Sepharose. It is possible that the inhibitory mannose-binding lectins are binding to oligosaccharide structures on conserved glycosylation sites on gp120. Candidate sites are the asparagine residues 265 and 302, adjacent to the cysteine residues forming the disulphide bond of the V3 loop. Other possible sites are asparagine 309, 259, 232, and 211, which are also conserved and bear high mannose/hybrid structures. Four conserved potential glycosylation sites were found in gp41 when the sequences of gp160 from different HIV isolates were determined (Willey et el., 1986; Modrow et ei; 1987) and Lee et al. (1992) observed that alteration of one of these sites severely impaired viral infectivity. However, the structures of oligosaccharides at these sites have not been determined.
In future experiments it is hoped to determine the exact carbohydrate-binding specificity of MBA and MLA and to map the lectin binding glycosylation sites within the gp120 molecule. Such information should suggest a. plausible explanation for the strong inhibitory effects of these lectins on HIV infection, pinpoint their likely site of action and indicate any potential for therapeutic applications. These could include topical application of MBA for protection against HIV-1 infection in certain risk categories, and development of conformationally restricted mimetics based on the glycan structures of gp120 reactive with MBA and/or the active site binding domains of MBA. Such mimetics might exhibit useful anti-HIV properties with regard to specificity and stability and should be valuable probes for study of Hlv-cell molecular recognition events. ,:,,:, namely G. savaglia lectin and N. pseudonarcissus agglutinin (NPA). NLA which is a close relative of NPA was slightly less active in our study compared to that reported for NPA (Weiller et al., 1990 ). It appears likely that the lectins act by binding to the virus glycoprotein since treatment of virus reduced viral infectivity and caused complete inhibition ofinfection, whereas treatment of cells prior to infection had no effect. Other studies have suggested that certain mannose-specific plant lectins e.g. Listera ovata agglutinin (LOA) from the orchid, twayblade, and Hippeastrum hybrid agglutinin (HHA) interfere with an event subsequent to the attachment of the virions to the cells and inhibit the membrane fusion process (Balzarini .et al., 1991) . Further work is needed to decide whether MBA affects HIV infection and spread in a similar manner.
MBA is derived from a leguminous plant found in abundance. Legume lectins are homologous proteins with a translation product of about 30 K which can be posttranslationally processed to greater or lesser extents to smaller polypeptide chains (Sharon and Lis, 1990) . All of Fig. 4 . Binding of gp120 by MBA-Sepharose and GNA-Sepharose. GNA-Sepharose (lanes 1 and 2) and MBA-Sepharose (lanes 3 and 4) were mixed with celllysates from infected cells (lane 2,4) and uninfected cells (lane 1,3) . Gel beads were washed and applied to a 7.5% polycrylamide gel. Lysates from infected (lane 6) and uninfected cells (lane 5) were also run. gp120 was detected on Western blots. bromide-activated Sepharose was from Pharmacia LKB Biotechnology Inc. Enzotin biotinylating reagent was from Enzo Diagnostics (New York). Galanthus nivalis (snowdrop) lectin (GNA) was from Boehringer Mannheim or Vector Labs (Peterborough, UK). GNA-Sepharose and alkaline-phosphatase streptavidin conjugate were from Vector Labs. Anti-gp120 raised in sheep was donated by the MRC Aids Directed Programme. Monoclonal antibodies against p24 were kindly provided by Dr R.S. Tedder through the MRC AIDS Directed Programme. Anti-HIV-1 human sera were gifts from Professor A. Karpas (Haematological Medicine, University of Cambridge, UK). Anti-human Ig, horseradishperoxidase linked whole antibody (from sheep) and rainbow markers were from Amersham Corp. Nitrocellulose paper of 0.45 urn porosity was from Schleicher & Schnell (Dassel, Germany). 
Sources of seeds and bulbs
Preparation of seed and bulb extracts
Seeds were ground in a coffee grinder and defatted with petroleum ether. Ground, defatted seeds were stirred overnight at 4°C in 5-10vol of 0.850/0 sodium chloride. The supernatant was obtained by centrifugation at 10000 g at 4°C for 20 min. Chopped bulbs were homogenized in a Waring blender in 3 vol of phosphate-buffered saline (PBS) containing 5 mM thiourea. After standing at 4°C for 4h the homogenate was spun at 1OOOOg for 40 min and the supernatant collected. Haemagglutination assays were performed as described (Animashaun and Hughes, 1989) .
Purification of lectins from extracts
Lectins (Table 1) were purified from the plant extracts by affinity chromatography using appropriate matrices and ligands at 4°C. BMA, MBA, MU\, LNA, DLA, LPA, LAA, NLA, PRA, and OBA were purified on mannosyl-Agarose as previously described for BMA (Animashaun and Hughes, 1989) . Briefly, extracts were applied to a p-aminophenyl-a-D-mannopyranoside-agarose column and after extensive washing with PBS-azide, the lectin was eluted with 0.2 M methyl-a-mannoside in PBS-azide. VRA was purified on a thyroglobulin-Sepharose column prepared by coupling porcine thyroglobulin to cyanogen-bromide-activated Sepharose according to the manufacturer's instructions. After washing the column (containing approximately 7 mg thyroglobulin rnl:") with Lectin inhibition of HIV infectivity 151 PBS-azide, the lectin was eluted with 0.5 M methyl-a-mannoside in PBS-azide. Asialofetuin-Sepharose was used for the preparation of AAA as previously described (Pekelharing and An"imashaun, 1989 ) with 0.2 M melibiose as the eluting ligand. TCA, ESA and SSA were prepared by passage of T. conophorum, E. senegalensis and S. stenocarpa extracts through a column of lactose-agarose and elution with 0.2 M lactose as previously described for TCA (Togun et al., 1988) . The pooled fractions of each lectin were dialysed against water at 4°C and freeze-dried.
Antiviral assays
The anti-HIV-1 activities and toxicities of lectins were assessed in C8166 cells? infected with the RF or IIIB strains. Cells were maintained in RPMI 1640 medium supplemented with 10 % calf serum. Ten CCID so (500/0 cell culture infective dose) units of virus per microtitre plate well were mixed with five-fold dilutions. of lectins and incubated at room temperature for 30 min before adding 4 x 10 4 cells. Incubation was then continued at 37°C.
Formation of syncytia was examined microscopically from 2 days post infection and supernatant samples were taken at 5-7 days for measurement of total virus by infectivity assay and for p24 antigen by ELISA. Uninfected cell controls were included for the measurement of cytotoxicity. Cell viability of infected and uninfected cells was measured by the MTI-Formazan method as described (Pauwels et aI., 1988) .
Infectivity assay
Total progeny virus was titrated in microtitre plates of C8166 cells using doubling dilutions of freshly collected supernatants from infected C8166 cells. The end point was determined by examining syncytia and by the MTI-Formazan method. To measure the effects of lectin on virus infectivity, virus 1118 was incubated with lectin (10 fLg mr') at room temperature for 1 h, the virus was serially diluted and the infectivity end-point determined.
Antigen assays
A microtitre antigen capture ELISA incorporated a mixture of the anti-p24 monoclonal antibodies ADP313 (EH12E1), ADP314 (303), ADP315 (2H281), and ADP316 (109). The plates were coated with the monoclonal antibodies, and after washing and blocking the wells with 10 % calf serum, dilutions of virus-infected culture supernatants in 0.5% EMPIGEN were added and incubated at room temperature for 12..:-16h. Bound antigen was detected using anti-HIV-1 human serum and anti-human Ig conjugated to horseradish peroxidase, as described by Mahmood and Hay (1992) .
Electrophoresis and immunoblottinq
Polyacrylamide gel electrophoresis was performed according to Laemmli (1970) using 7.5 %,12% or 20% reducing gels. Proteins were detected with Coomassie Blue and the periodate-Schiff method was used to stain glycoproteins. For Western blot analysis proteins were transferred 'to nitrocellulose filters of 0.45 urn porosity (Schleicher & Schnell) in the presence of 25 mM Tris-HCI, 192 mM glycine, 0.1 % SDS, 20% methanol at pH 8.3 using a Sartoblot 1\ semi-dry blotter (Sartorius, Belmont, Surrey, UK). Efficiency of transfer was monitored using pre-stained protein standards and rainbow markers. Protein binding sites on the nitrocellulose were blocked by incubation overnight at 4°C in 5% Marvel (non-fat dried milk) in PBS or 5°10 bovine serum albumin in PBS. For gp120 detection, filters were incubated for 2 h at room temperature with a 500 x dilution of sheep anti-gp120 antibody in PBS, washed and then incubated with a 500 x dilution of anti-sheep Ig conjugated to horseradish peroxidase. Binding of biotinylated lectins to glycoproteins on Western blots was performed as follows: biotinylation of lectins with Enzotin was performed according to the manufacturer's instructions. Glycoproteins were run on a 12°/0 SOS-PAGE. Proteins were transferred to nitrocellulose and blocked with 50/0 bovine serum albumin (BSA) dissolved in PBS. The blot was incubated with biotinylated lectin and then alkaline-phosphatase conjugated streptavidih in BSA/PBS.
Binding of gp 120 to lectin-Sepharose
Uninfected and chronically infected H9 cells (8 x 10 6 ) were suspended in Laemmli reducing buffer (125 mMTris, pH 6.8, 10°/0 glycerol, 0.2°/0 sodium dodecyl sulphate (SOS), 50/0 2-(3-mercaptoethanol (v/v), 0.001°10 Bromophenol blue) and boiled for 5 min. One-hundred microlitres of lysate was made up to 0.8 ml with buffer A (10mM Tris, pH 7.5 containing 0.1 M NaCI, 1mM CaCI 2 , 1 mM MgCI 2 and 0.02°/0 NaN s ) and mixed with lectin-Sepharose beads (approximately 3 mg lectin ml:') for 18 h at 4C?C. The beads were spun down, washed 6 times with 10 volumes of buffer A suspended in the gel electrophoresis reducing buffer (100 t-LI) and
boiled. Aliquots of supernatant were run on 7.5°10 gels in duplicate. One gel was stained with Coomassie Blue and the other was used for Western blotting using sheep anti-gp120 antibody and horseradish peroxidase detection.
